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ABSTRACT
We use star, galaxy and quasar spectra taken by the Sloan Digital Sky Survey to map out the
distribution of diffuse interstellar bands (DIBs) induced by the Milky Way. After carefully removing
the intrinsic spectral energy distribution of each source, we show that by stacking thousands of spectra,
it is possible to measure statistical flux fluctuations at the 10−3 level, detect more than 20 DIBs and
measure their strength as a function of position on the sky. We create a map of DIB absorption
covering about 5000 deg2 and measure correlations with various tracers of the interstellar medium:
atomic and molecular hydrogen, dust and polycyclic aromatic hydrocarbons (PAHs). After recovering
known correlations, we show that each DIB has a different dependence on atomic and molecular
hydrogen: while they are all positively correlated with NHI, they exhibit a range of behaviours with
NH2 showing positive, negative or no correlation. We show that a simple parametrization involving
only NHI and NH2 applied to all the DIBs is sufficient to reproduce a large collection of observational
results reported in the literature: it allows us to naturally describe the relations between DIB strength
and dust reddening (including the so-called skin effect), the related scatter, DIB pair-wise correlations
and families, the affinity for σ/ζ-type environments and other correlations related to molecules. Our
approach allows us to characterize DIB dependencies in a simple manner and provides us with a metric
to characterize the similarity between different DIBs.
Subject headings: methods: statistical - surveys - ISM: lines and bands -ISM: molecules.
1. INTRODUCTION
The diffuse interstellar bands (DIBs) are a set of ab-
sorption features observed ubiquitously in the interstel-
lar medium (ISM). The first features, reported by Heger
(1922), were identified as interstellar in origin by Merrill
(1934). In the past eighty years, the list of DIBs has
increased to more than 500 features (Hobbs et al. 2008,
2009). However, despite active research, the identity of
the DIB carriers remains unknown until this day. This
has been one of the longest standing problems in astron-
omy (for a review, see Herbig 1995). Candidates of car-
riers include complex carbonaceous gas-phase molecules,
such as fullerenes (Foing & Ehrenfreund 1994) and poly-
cyclic aromatic hydrocarbons (PAHs, e.g., Salama et al.
1996). However, none of them has yet been convincingly
shown to be associated with any particular DIB.
DIBs are mostly found in the optical and near-infrared,
with the longest reported wavelength at 1.793µm
(Geballe et al. 2011). They display a large range in
width and central depth. The narrowest lines have full
width at half-maximum (FWHM) less than 1 A˚ while
the broad DIBs have FWHM reaching 30 A˚. The cen-
tral depth of the detected lines ranges from less than
0.1% to about 50%. To illustrate this diversity, we show
a synthetic DIB absorption spectrum in Fig. 1, using a
list of detected DIBs from Jenniskens & Desert (1994)
who studied high signal-to-noise ratio (S/N) spectra of
four early-type stars. This synthetic spectrum illus-
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trates that the DIB absorption is weak: the strongest
feature at λ = 4430 A˚ has an equivalent width of only
about 0.2 A˚ for a dust column density corresponding to
EB−V' 0.1 mag.
For several decades, the main probe of DIB absorption
has been high-S/N spectra of hot stars, in which weak
absorption features can be measured and blending with
stellar lines is minimized. Dedicated surveys have in-
cluded a few thousand stars at most (e.g., van Loon et al.
2013) or only around a hundred stars if weaker DIBs are
targeted (e.g., Friedman et al. 2011). In recent years, the
availability of generic large sky surveys has allowed the
study of DIBs in a statistical context. In addition to in-
creasing the number of available lines of sight, they have
also motivated the use of other strategies to detect DIBs
in spectra of a wider range in spectral types. Using the
Sloan Digital Sky Survey (SDSS; York et al. 2000), Yuan
& Liu (2012) reported the detection of two DIBs, λ5780
& λ6283, in about 2, 000 stellar spectra (of all types) and
characterized their strengths and radial velocities. Using
the Radial Velocity Experiment (RAVE; Steinmetz et al.
2006), Kos et al. (2013, 2014) detected DIB λ8620 below
the noise level of individual spectra. They characterized
its absorption in the composite spectra of several thou-
sand cool stars and mapped the absorption in the sky.
Using near-infrared spectra from the SDSS Apache Point
Observatory Galactic Evolution Experiment (APOGEE;
Majewski et al. in prep), Zasowski et al. (2015) studied
the DIB absorption at λ = 1.527µm in about 100,000
stellar spectra probing a wide range of Galactic environ-
ments and mapped out its properties.
In this paper 5 we use all types of spectra taken by
5 While performing this analysis we became aware of a similar
effort by Baron et al. (2015). We decided to finish the two analyses
independently and submit the two papers to arxiv.org simultane-
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Synthetic DIB spectrum with EB−V = 0.1
Fig. 1.— A synthetic spectrum of DIB absorption (from the compilation by Jenniskens & Desert 1994) representative of a line of sight
with EB−V ∼ 0.1 mag. Note the expected absorption is at the 1% level.
the SDSS I, II, and III, i.e. lines of sight towards stars,
galaxies and quasars, to map out the distribution of DIBs
induced by the Milky Way. We show that, after carefully
removing the intrinsic spectral energy distribution (SED)
of each source, it is possible to measure statistical flux
fluctuations at the 10−3 level. We then detect and char-
acterize a set of 20 DIBs and study their correlations
with various ISM tracers. Throughout the paper, we use
air wavelength.
2. DATA ANALYSIS
Our analysis makes use of optical spectra from the
SDSS I, II & III surveys with spectral resolution about
2000. We explore the detectability of DIB absorption in
three types of sources: quasars, galaxies and stars. In
each case we create absorption spectra, normalizing the
observed source spectra by an estimate of the SED in-
trinsic to the source. In addition, we take extra care to
handle artificial residuals originating from imperfections
in the calibration process of SDSS spectra. For each
type of sources, we use a different strategy to estimate
the corresponding absorption spectra. To avoid contam-
ination from atmospheric emission lines, mostly due to
OH and H2O, we restrict our analysis to wavelengths
below 6700 A˚. We now describe the analysis procedure
applied to each type of sources. The next section will
then present the characterization of absorption lines de-
tected in the absorption spectra.
2.1. Creating absorption spectra
2.1.1. Quasars
We use the SDSS DR7 quasar catalogue compiled by
Schneider et al. (2010). The corresponding spectra were
analysed by Zhu & Me´nard (2013) who estimated their
intrinsic continuum level. They did this using a dimen-
sionality reduction technique (non-negative matrix fac-
torization) to obtain a basis set of ‘eigen spectra’ which
can then be used to estimate each quasar’s SED. We cre-
ate absorption spectra by dividing each observed spec-
trum by its estimated intrinsic SED. We study corre-
sponding spectra in the observer frame.
We first create median composite absorption spectra
for quasars observed in different regimes of Galactic dust
reddening, derived from Schlegel et al. (1998, hereafter
ously.
SFD). In the upper part of the top panel of Fig. 2,
we show the results obtained from objects selected with
EB−V< 0.02 mag in blue and EB−V> 0.05 mag in red.
As can be seen, the composite spectra reveal systematic
fluctuations at the 5 × 10−3 level. These fluctuations
appear to be inconsistent with Poisson noise and their
amplitude does not correlate with dust column density.
These features are mainly due to systematics in the spec-
tral calibration process in SDSS as well as sky residuals.
We discuss these effects in more detail in Appendix A
and identify the origin of each of these features.
In order to overcome the limits given by the precision
of the SDSS spectral calibration process we use the fact
that DIB absorption is known to correlate with dust red-
dening (e.g., Friedman et al. 2011; Welty 2014, and Sec-
tion 3.2.1), while spectral calibration problems are not
expected to do so. We can then improve the sensitivity
of our flux residuals by considering the ratio between ab-
sorption spectra at high and low dust reddening regimes.
To do so we consider the composite spectrum of quasars
selected from low-reddening regions with EB−V< 0.02
mag, where DIB absorption is expected to be small, as
a reference spectrum. The ratio between the composite
spectrum with high Galactic reddening and the refer-
ence composite spectrum with low Galactic reddening is
shown in the lower part of the top panel of Fig. 2. As ex-
pected this process removes features associated with the
SDSS reduction process and provides us with an absorp-
tion spectrum with a scatter of the order of 1× 10−3. In
the figure, the blue bands indicate the locations of sev-
eral known DIBs. The number of quasar spectra used in
our analysis is listed in Table 1.
2.1.2. Galaxies
We select a set of luminous red galaxies from SDSS
DR7. Such galaxies have well-defined SEDs. We use es-
timates of their intrinsic continuum fluxes provided by
Zhu et al. (2010). These authors modelled the observed
galaxy spectra using single stellar population (SSP) mod-
els of Bruzual & Charlot (2003) with the Padova 1994 li-
brary of stellar evolution tracks6(e.g Girardi et al. 2000)
and the Chabrier (2003) initial mass function (IMF). We
select galaxies at redshift greater than 0.2. The number
of galaxy spectra used in this analysis is listed in Table 1.
6 http://pleiadi.pd.astro.it/
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Fig. 2.— Illustration of the steps involved in the creation of composite absorption spectra using quasars (top), galaxies (middle) and
stars (bottom). For each type of source the upper part of the panels shows continuum-normalized composite spectra for high and low
dust reddening values and the bottom part of the panels shows their corresponding ratios. The intrinsic SED of quasars and galaxies
are estimated through rest-frame template fitting. The continuum-normalized spectra show fluctuations imprinted by imperfections in the
SDSS spectroscopic calibration. These features are detailed and explained in Appendix A. The intrinsic SED of stars is estimated using a
running median filter to characterize the large-scale continuum. Intrinsic absorption features are not modelled. Their contribution between
low and high dust reddening regions is expected to be comparable and has therefore close to no effect in the final ratio estimate. Blue
bands indicate known DIBs. Gray bands indicate artefacts due to the presence of strong sky emission lines.
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TABLE 1
Number of spectra
Source total reference sightlines targeted sightlines
type number EB−V < 0.02 mag EB−V > 0.02 mag
Quasar 105,782 33,782 72,000
Galaxy 210,726 60,233 150,493
Star 354,231 84,406 269,825
Similarly to the procedure used for quasars, we cre-
ate median composites of absorption spectra for differ-
ent ranges of Galactic dust reddening. As shown in the
upper part of the middle panel of Fig. 2 we find fluctu-
ation patterns due to the spectroscopic calibration and
sky emission/absorption features consistent with those
obtained with quasar spectra. As done above, we use ra-
tios of composite spectra to overcome these limitations,
considering lines of sight with EB−V< 0.02 mag as refer-
ence ones. The final ratio spectrum is shown in the lower
part of the panel and allows us to detect a comparable
set of DIBs.
2.1.3. Stars
We use the stellar spectra collected by the SDSS
SEGUE I & II surveys (Yanny et al. 2009; Aihara et al.
2011). We estimate the intrinsic SED of each star using
a data-driven approach. We first remove large-scale fluc-
tuations due to blackbody emission as well as the effect
of line-of-sight dust extinction using a running median
filter of size 200 pixels. To create absorption spectra and
normalize out the contribution due to the intrinsic SED
of each source, for a given star, we search for a set of
reference stars at low dust reddening with EB−V< 0.02
mag with similar stellar parameters. To do so we make
use of three parameters: effective temperature (Teff), sur-
face gravity (log g) and metallicity ([Fe/H]), estimated by
the SEGUE SSPP pipeline (Lee et al. 2008; Smolinski et
al. 2011) 7. We construct a 3-D grid spanning the full
range of the corresponding values: 4200 < Teff < 8700 K,
0.7 < log g < 4.7, and −4.3 < [Fe/H] < 0.6, with a reso-
lution set to be four times lower than the dispersion of the
stellar parameters for reference stars in each dimension.
The corresponding bin sizes are 216 K in Teff , 0.18 dex in
log g, and 0.16 dex in [Fe/H]. These bin sizes are about
the size of the systematic error of these three parame-
ters. The SSPP pipeline estimated the stellar parame-
ters based on several methods. We use the parameters
derived from the ANNRR method (Re Fiorentin et al.
2007) which is based on continuum-normalized spectra.
We also perform our analysis by using the parameters
derived from other methods and find consistent results.
In addition, the SSPP pipeline also provides distances of
stars. In Fig. 3, we show the median distances of stars
within each sky pixel. The typical distance of stars is
about 2–3 kpc.
We match each star to a set of reference stars from the
same cell in the grid of stellar parameters. To reduce
the effect of outliers or problematic spectra, we discard
stars located in the stellar parameter bins with less than
20 corresponding stars with EB−V< 0.02 mag. We also
remove stars from SDSS plates with bad qualities 8. We
then create a median composite spectrum for the ref-
7 https://www.sdss3.org/dr10/spectro/sspp.php
8 http://www.sdss3.org/dr8/algorithms/segueii/plate_
table.php
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Fig. 3.— Median distance of stars in the SDSS sky coverage. The
typical distance is about 2–3 kpc, depending mildly on Galactic
latitude.
erence stars. As an illustration, the upper part of the
bottom panel of Fig. 2 shows the composite spectra of
typical stars observed in SDSS at high EB−V (red) and
low EB−V (blue) with the same stellar parameters.
To create an absorption spectrum we take the ratio
between a stellar spectrum and its corresponding refer-
ence composite spectrum in the stellar rest frame. The
lower part of the panel shows the ratio spectrum between
the high EB−V composite spectrum and low EB−V refer-
ence composite spectrum. By applying our method, we
are able to remove stellar absorption features effectively
and detect strong DIBs, as indicated by the blue verti-
cal bands. We note that this stellar residual spectrum
makes use of only 0.5% of all the available stellar spec-
tra, while we have used all quasar and galaxy spectra
(with EB−V> 0.05 mag) in the top panels. This shows
that most of the statistical power to map out the distri-
bution of DIBs lies in the SDSS stellar spectra. Below
we will therefore derive most of our results from stellar
spectra. We will use quasar and galaxy spectra primar-
ily for consistency checks. The total number of stellar
spectra used in this analysis is listed in Table 1. More
than 95% of the stars used are F, G, and K stars with
4500 < Teff < 7000 K.
2.2. Detection and characterization of DIBs
We now proceed to characterize DIBs in the composite
residual spectra. Detecting and characterizing absorp-
tion lines require an accurate estimate of the continuum
level. To do so we use the DIB catalogue compiled by
Jenniskens & Desert (1994) and create mask aimed at
selecting the non-absorbed pixels of our spectra. From
their list, we select DIBs with equivalent widths larger
than 0.05 A˚ at EB−V = 1 mag but exclude broad DIBs
with FWHM > 25 A˚ . For those, the continuum estima-
tion is more difficult as the width of the absorption fea-
ture is an appreciable fraction of the median filter used
for continuum estimation. We then mask out the wave-
length regions corresponding to these DIBs and apply a
median filter with a radius of 25 pixels to eliminate small-
scale fluctuations in the residual spectra not accounted
for in the previous steps of the analysis. Finally, we
define the continuum level around each DIB by selecting
wavelength regions uncontaminated by calibration errors
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Fig. 4.— An example of final composite absorption spectrum, combining more than 40, 000 stellar spectra at EB−V > 0.1 mag. The
light blue vertical bands indicate the 20 DIBs studied in this work, detected with more than 5σ and for which the line profile can be well
characterized. The vertical dashed lines show weaker and/or broader DIBs detected but not used in the statistical analysis. The grey
bands show residuals from sky lines and stellar absorption features. The white spectrum at the bottom shows a synthetic DIB absorption
spectrum, as shown in Fig. 1.
or sky emission/absorption features.
As an illustration, Fig. 4 shows a composite absorp-
tion spectrum for all stars with EB−V> 0.1 mag. The
median EB−V of these stars is about 0.15 mag. This
absorption spectrum shows a set of 20 DIBs detected at
more than ∼ 5σ, and not affected by residuals due to the
sky lines and/or stellar absorption features. These ab-
sorption features are indicated with blue vertical bands
and listed in Table 3. We can observe additional weak
and/or broad absorption features which are consistent
with known DIBs. They are indicated by blue dashed
lines. Studying these weaker and broader features, how-
ever, requires a more detailed analysis to properly esti-
mate the continuum level and the effect of possible arte-
facts in the flux residuals. We will therefore limit the
present analysis to the above set of 20 DIBs with robust
detections and characterization.
The composite spectra from quasars and galaxies allow
us to robustly detect DIBs λ4430, λ4885, λ5780, λ6283,
and λ6614. We note that the SDSS footprint for ex-
tragalactic sources covers mostly high Galactic latitudes
corresponding to low levels of dust reddening EB−V< 0.5
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Fig. 5.— The selected set of 20 DIBs measured in a composite spectrum of 40,000 stellar spectra with EB−V > 0.1 mag, as shown in
Fig. 4. Gaussian fits, used to estimate line parameters, are indicated with blue lines. For wavelength regions with multiple DIBs, we fit
them simultaneously with a multiple-Gaussian profile, as shown with red, green, and orange lines. The grey bands indicate regions with
contamination from nearby DIBs or sky/stellar residuals, which are masked in the fitting process.
mag. These types of sources do not allow us to probe a
wide range of ISM column densities. We therefore only
use them for consistency check.
We measure the equivalent width of DIBs with a Gaus-
sian fitting of the line profile. For cases involving blended
features, we make use of Gaussian profiles with multi-
ple components. For example, around λ = 5780 A˚, three
DIBs are known to exist: λ5778 (broad), λ5780 (narrow),
and λ5797 (narrow). We measure these three DIBs simul-
taneously with a triple-Gaussian profile. For some broad
DIB features due to blending of several weak DIBs, we fit
a single Gaussian and quote them as a single DIB (e.g.,
λ5540). To identify DIBs potentially blended with mul-
tiple components, we compare the 20 DIBs with the DIB
list9 compiled by Hobbs et al. (2008) with 8km/s spectral
resolution and search for DIBs identified as blended. In
Table 3, we mark those blended DIBs with star symbols.
For those blended DIBs, the derived correlations in this
analysis can be driven by either a single dominant DIB
or a combination of multiple DIBs with different depen-
dences. For example, DIBλ5540 in our analysis consists
of three narrow DIBs with two of them, λ5541 and 5546
correlated with C2 molecules (Thorburn et al. 2003).
We show examples of such line-profile fits in Fig. 5.
The black histogram shows the composite absorption
spectrum as shown in Fig. 4 with EB−V> 0.1 mag and
the blue lines show the best-fitting single-Gaussian pro-
files used to estimate the absorption equivalent width.
Multi-component fits are shown with red, green, and or-
ange lines.
When measuring the equivalent widths of DIBs from
high-S/N composite spectra, we fit simultaneously for
the width, centre, amplitude, and continuum of the ab-
sorption spectra. However, when considering lower-S/N
composite spectra, which is the case for quasars, galax-
ies and the composite spectra of a small number of stars,
we fix the width of the Gaussian profiles estimated from
9 http://dibdata.org/HD204827/
high-S/N composite spectra but allow other parameters
to vary. From high-S/N composite spectra, we find the
width of each DIB does not vary with the Galactic dust
reddening or other variables such as sky position. Fixing
the width therefore allows us to estimate the equivalent
width robustly.
3. RESULTS
3.1. The DIB absorption map
Having characterized the absorption of 20 DIBs, we
can map out the strength of each band as a function
of position in the sky and then use them for cross-
correlation analyses with various tracers of the ISM. We
first investigate the overall spatial distribution of DIB
absorption. To do so we pixelize the sky under the
HEALPix10(Go´rski et al. 2005) scheme in the Galactic
coordinate system. The resolution of the map can be
adjusted given the purpose of the analysis. We locate
all the stars in each pixel, create a composite spectrum
and measure the strength of each of the 20 selected DIBs
following the procedure described in the previous sec-
tion. We choose the number of HEALPix pixels along
the Galactic longitude to be Nside = 64, which divides
the whole sphere to 49152 pixels with equal area of about
1 deg2. This resolution is motivated by the surface num-
ber density of the observed stars such that, in the ma-
jority of the pixels, there are enough stars for the robust
absorption measurements of individual DIBs. To ensure
reasonable S/N for the characterization of DIBs we only
consider pixels with more than five stars. In total, we use
5929 pixels (out of 9516), covering about 5000 deg2 of the
sky. The typical S/N of the composite residual spectra
(normalized to unity) is about 150, and the typical error
of a DIB equivalent width ranges from 20 mA˚ for narrow
DIBs (e.g., DIBλ4728) to 40 mA˚ for broad DIBs (e.g.,
DIBλ4430).
10 http://healpix.sourceforge.net/
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Fig. 6.— Top: full sky map of DIB absorption in Galactic coordinates estimated from more than 250,000 stellar spectra. Our correlation
analyses are based on about 5,000 deg2 corresponding to regions with EB−V > 0.02 mag. Regions with lower dust column densities, i.e.
EB−V < 0.02 mag, are used to define reference stars. The angular resolution of this map is about 1 deg2 and the typical distance from
stars to the Sun is about 2-3 kpc, mildly depending on latitude. Due to variation in the density of available spectroscopic data, some of
the pixels of this map are signal or noise dominated. Bottom: smoothed version of the full sky map of DIB absorption, which is created by
using a Gaussian kernel with FWHM= 5◦. This map is signal dominated and reveals the morphology of DIB absorption in the sky. The
map can be viewed interactively at http://www.pha.jhu.edu/~tlan/DIB_SDSS/.
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We measure the absorption strength of each DIB in
each pixel and create 20 such maps. To display the global
DIB absorption on a map, we combine the total absorp-
tion signal from the 20 DIBs considered:
Wall DIBs =
20∑
i=1
WDIBi . (1)
In Fig. 6, we present the map of total DIB absorption.
We note that the measurements in different pixels are
quasi-independent from each other because some com-
mon reference stars are used to define the zero-points.
The map shows that the DIBs are more concentrated to-
wards the disc, even though the sampling is relatively
sparse at low Galactic latitude. This is expected from
their known correlation with dust. We also observe
smaller-scale features corresponding to known structures
and clouds in the Milky Way. For example, at l ∼ 170◦
and b ∼ −15◦, we observe the Taurus molecular cloud
(located at about 100 pc from the Sun) and its surround-
ings. While at l ∼ −160◦ and b ∼ −20◦, we are able
to measure the distribution of the DIBs at the edge of
the Orion molecular cloud. In the next section, we cross-
correlate these maps with other all-sky surveys and study
the correlations of DIBs with various ISM tracers.
3.2. Dependence on ISM tracers
We now take advantage of the large-scale mapping of
DIB absorption enabled by our analysis to investigate the
dependence of DIBs on other ISM tracers. To do so we
make use of four publicly available all-sky maps tracing
metals and hydrogen:
• Dust: we use the map created by Schlegel et
al. (1998, SFD), based on 100µm flux from the
COBE/DIRBE and IRAS/ISSA maps. It provides
estimates of dust column densities in units of EB−V
reddening.
• Polycyclic aromatic hydrocarbons: we use the
emission map in the 12µm channel of the WISE all-
sky survey (Wright et al. 2010), provided by Meis-
ner & Finkbeiner (2014)11. The WISE 12µm chan-
nel traces PAHs giving rise to emission between 7
and 18µm. We note that our analysis will only
make use of derivatives of this map and its overall
normalization is not relevant for our purposes.
• Neutral atomic hydrogen: we use the Lei-
den/Argentine /Bonn (LAB) Galactic H I 21 cm
Survey (Kalberla et al. 2005)12. The LAB Survey
is one of the most sensitive Milky Way 21 cm survey
to date, with the extensive coverage both spatially
and kinematically. To compare with our integrated
absorption along lines of sight, we use their total
NHI values integrated over the full velocity range
from −450 km s−1 to 400 km s−1.
• Molecules: we use CO as a proxy for molecules
and use CO1−0 emission map provided by
11 http://faun.rc.fas.harvard.edu/ameisner/wssa/
12 http://lambda.gsfc.nasa.gov/product/irsa/fg_LAB_HI_
Survey_get.cfm
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Fig. 7.— Spearman rank-order correlation coefficients between
the total DIB absorption and four ISM tracers as a function of
EB−V . The dependence between DIBs and molecules appears to
be different than that of other tracers.
PLANCK (Planck Collaboration et al. 2014)13. We
convert the integrated line intensity WCO to the
column density of molecular hydrogen NH2 using
the CO-to-H2 conversion “X” factor suggested by
Bolatto et al. (2013):
XCO ≡ NH2
WCO
= 2× 1020 cm−2/(K km s−1) . (2)
The statistical noise level of the CO map at ∼ 15 ′
resolution is about 0.45 K km s−1, corresponding to
about 0.9× 1020 cm−2.
We note that all the above maps are based on emission
measurements which probe the ISM over substantial path
lengths, including material in the Milky Way and nearby
galaxies located behind the set of stars used in our ab-
sorption analysis. This effect is stronger at lower Galac-
tic latitudes and limits our ability to measure absolute
relations between a given absorption band and ISM col-
umn density. The tendency to overestimate ISM column
densities due to the background contamination results in
increasing the scattering and slightly lowering the ampli-
tude of the measured correlation compared to the intrin-
sic one. However, it is important to note that this effect
will affect all DIBs in the same way. Measuring changes
in the correlations between different DIBs and ISM trac-
ers will reveal intrinsic differences in the environmental
dependencies of the corresponding DIBs.
We first investigate the total DIB absorption field and
explore its global dependence on each tracer introduced
above. To do so we resample all the maps to the same
13 http://irsa.ipac.caltech.edu/data/Planck/release_1/
all-sky-maps/. We use the Type 2 map which has a better S/N
than the Type 1 map.
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Fig. 8.— Equivalent width measurements of 20 DIBs as a function of dust reddening in units of EB−V . Each equivalent width is measured
from a high S/N composite spectrum combining thousands of spectra with similar Galactic reddening. Table 2 shows the number of spectra
used in the composite spectra and the S/N of the composite spectra. The blue, green, and red data points show median values measured
in star, quasar, and galaxy spectra, respectively. The solid black lines are best-fitting power laws derived from measurements of stellar
composite spectra at 0.04 < EB−V < 0.5 mag. The black dashed lines are extrapolations to higher and lower reddening values. We note
that quasar and galaxy composite spectra do not have enough S/N to decouple DIBs λ5778 and λ5780. We therefore measure the sum of
these two components and show they are consistent with measurements from stars.
TABLE 2
Number of spectra used in the equivalent width versus
reddening relation
〈EB−V 〉 Nspec S/N
(mag)
0.023 46052 3313
0.031 52501 2527
0.041 48285 2108
0.054 40407 1647
0.072 27651 1236
0.097 18913 934
0.127 15290 734
0.170 7818 599
0.230 4675 480
0.305 3476 355
0.408 2045 298
0.548 1264 283
0.728 710 268
0.982 446 255
1.247 211 239
resolution: Nside = 64 which corresponds to about 1
deg2. To approach the problem generically we measure
the Spearman rank-order correlation coefficient between
the total DIB absorption field and each tracer introduced
above. We show the amplitude of the corresponding cor-
relations, in bins of EB−V , in Fig. 7. As can be seen,
we find positive correlations between DIB strength and
dust, PAHs and atomic hydrogen. In contrast, the cor-
relation coefficient with molecules appears to be nega-
tive at high dust column densities. This indicates that
molecules have a different relationship with the total DIB
absorption field from other tracers. We note that at low
extinction, most NH2 values are below the noise level, so
the amplitude of the correlation coefficients in this regime
mostly reflects this fact rather than the intrinsic correla-
tion, which is unmeasurable in our data. The interpre-
tation of the respective amplitudes needs to account for
the intrinsic correlations between each ISM tracer. This
is investigated in more detail below.
3.2.1. Dependence on dust
It has long been known that the strength of DIBs corre-
lates with the column density of dust (Merrill et al. 1937).
Our statistical approach allows us to measure these de-
pendencies using hundreds of thousands of lines of sight.
To do so we select quasar, galaxy and stellar spectra as
a function of dust column density from Schlegel et al.
(1998). This is done using DIB maps with a resolution
comparable to that of the dust map. We combine spec-
tra as a function of Galactic reddening to form high S/N
median composite spectra and measure the equivalent
widths of DIBs from the final composite spectra. The
number of spectra used for the composite spectra and
the corresponding S/N are shown in Table 2. The noise
is the standard deviation of the spectra after removing
outliers with 5-sigma clipping. Fig. 8 shows the median
equivalent width of the set of 20 selected DIBs in the
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Fig. 9.— Comparison between our statistical DIB absorption measurements (blue) and results obtained from studies of individual spectra
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regions of the sky. The black line shows the best-fitting power-law trends estimated from our measurements with 0.04 < EB−V < 0.5 mag
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TABLE 3
Best-fit parameters characterizing the relationships
between DIBs and E(B-V) (equation 3)
λ A γ W/AV
(A˚) (A˚/mag)
4430 1.22± 0.04 0.89± 0.02 0.44
4502 0.10± 0.01 0.69± 0.03 0.05
4728∗ 0.23± 0.01 1.11± 0.03 0.07
4762 0.05± 0.01 0.51± 0.06 0.03
4885∗ 0.82± 0.04 0.93± 0.02 0.29
5448∗ 0.30± 0.04 0.91± 0.07 0.11
5487 0.06± 0.01 0.55± 0.05 0.03
5508 0.07± 0.01 0.80± 0.05 0.03
5540∗ 0.30± 0.03 0.80± 0.04 0.12
5705∗ 0.16± 0.01 1.04± 0.04 0.05
5778∗ 0.32± 0.02 0.73± 0.03 0.14
5780 0.43± 0.02 1.00± 0.02 0.14
5797 0.18± 0.01 0.96± 0.02 0.06
5845∗ 0.03± 0.01 0.51± 0.08 0.02
5850 0.08± 0.02 1.06± 0.11 0.03
6010 0.08± 0.01 0.74± 0.03 0.04
6204∗ 0.20± 0.01 0.94± 0.02 0.07
6283∗ 0.86± 0.02 0.81± 0.01 0.34
6379 0.10± 0.01 1.13± 0.05 0.03
6614 0.22± 0.01 0.97± 0.02 0.07
*DIBs possibly blended with multiple weak DIBs
previous section, as a function of dust reddening EB−V .
The blue, green and red data points are measurements
from stellar, quasar, and galaxy composite spectra. The
error is estimated by bootstrapping each sample and rep-
resents the error of the median equivalent width. Instead
of constructing high S/N composite spectra, we also test
the results by using the DIB equivalent width measured
from each sky pixel with 1 deg2 resolution and calcu-
late the inverse variance-weighted mean DIB equivalent
width as a function of EB−V . Two methods yield con-
sistent results.
We find the equivalent widths of DIBs measured from
the three different types of sources to be roughly consis-
tent with each other. We note that a perfect agreement
is not expected as the extragalactic sources have a dif-
ferent spatial distribution over the sky. As pointed out
above, composite spectra from quasars and galaxies have
lower S/N ratios. In some cases they do not allow us to
decompose the blending of certain lines, for example be-
tween DIB λ5778 (broad) and λ5780 (narrow). In this
case we therefore compare the sum of equivalent widths
of the two DIBs measured from quasar and galaxy, stel-
lar spectra (as shown in the lower-right panel). The con-
sistency between the measured absorption strengths of
DIBs from star, quasar, and galaxy spectra shows that
the methods we applied effectively remove features in-
trinsic to the sources and the systematics in the spectral
reduction. We note that the slightly higher equivalent
width for DIB λ6283 estimated from composite quasar
spectra is due to contamination from a nearby sky emis-
sion line. Such effect can be observed in Fig. 2.
Overall, our measurements confirm strong correlations
between the strength of the 20 DIBs selected and Galac-
tic reddening. In the regime EB−V< 0.5, the median
equivalent widths of all DIBs increase with reddening and
the observed relation between the two quantities can be
well described by a power-law function form:
WDIB = A× (EB−V )γ . (3)
We fit our measurements with equation (3) for stel-
lar composite spectra with 0.04 <EB−V< 0.5 mag. The
lower limit is selected to eliminate the effect of the ob-
served departure from a power-law behaviour at low
EB−V values, which is due to two reasons: first we use
lines of sight selected with EB−V < 0.02 mag as reference
lines of sight. This prevents us from measuring the abso-
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Fig. 10.— Absorption strength of the 20 selected DIBs as a func-
tion of dust reddening and PAH emission measured by WISE in
its 12µm band. We find that PAHs and dust show a tight relation
which does not allow us to disentangle their respective effects on
DIB absorption.
lute level of DIB absorption as we expect the measured
value of WDIB to be zero at EB−V . 0.02 mag. Secondly,
it is known that the SFD dust map (derived from infrared
emission) is contaminated by the infrared emission of
low-redshift galaxies (see Yahata et al. 2007). As a result,
EB−V values lower than 0.04 mag (AV < 0.1 mag) tend
to be overestimated. In the rest of our analysis we will fo-
cus primarily on the high reddening regime EB−V > 0.1
mag and these effects can be safely neglected.
The black solid lines are the best-fitting power laws
and the dashed lines are extrapolations towards high
and low EB−V values. The best-fitting parameters are
listed in Table 3 and the relative strength of each DIB,
WDIB/AV , is estimated using a value of RV = 3.1 and
the best-fitting relations evaluated at EB−V = 0.32 mag
(or AV = 1 mag). For high EB−V values, we observe
different behaviours in the relation between absorption
strength and dust reddening. The equivalent width of
certain DIBs, for example DIBs λ4502, λ4728, λ5540,
and λ5850 keeps increasing with dust column density. In
contrast, other DIBs depart from the trends observed at
lower column densities and flatten (e.g., λ5780) or even
become weaker (e.g., λ6283). This behaviour, previously
reported for a number of DIBs, has been referred to as
the skin effect (Herbig 1995). We emphasize that the
different trends at high EB−V values reveal intrinsic dif-
ferences in DIB behaviours. This relative effect is not af-
fected by the fact that the SFD map provides estimates of
dust column density across the entire Galaxy. The dust
contribution associated with material located behind the
set of stars is the same for all DIBs. To demonstrate that,
we also measure the Galactic reddening based on the dif-
ference between the observed g-r colour of a star and the
colour of the reference and perform the same analysis.
The detailed comparison is discussed in Appendix B. We
found that although the SFD map tends to overestimate
the Galactic reddening along the lines of sight, the cor-
relations derived with 0.04 < EB−V < 0.5 mag and the
different behaviours at high Galactic reddening from two
reddening estimators are consistent.
We now compare our measurements to other results
from the literature. Fig. 9 shows the dependencies for
seven DIBs studied in Friedman et al. (2011) in red and
four in Megier et al. (2005) in green. These studies were
based on individual high-S/N spectra of hot stars. The
blue data points correspond to the statistical measure-
ments presented above. The black lines are our best-
fitting power laws as shown in Fig. 8. As can be seen,
the different sets of measurements are overall in good
agreement. While our measurements only show median
values, the data points from Friedman et al. (2011) and
Megier et al. (2005) show measurements for individual
sightlines. We note that our estimated equivalent width
for DIB λ6283 is slightly lower than that of Friedman
et al. (2011). This difference could be due to that the
continuum estimate is affected by the nearby strong sky
line. It is interesting to note that at the high end, certain
DIBs display a different behaviour between the different
analyses. We note that our sampling of the Galaxy dif-
fers from that of Friedman et al. (2011) and Megier et
al. (2005). The SDSS spectroscopic targeting generally
avoided high-extinction regions. However, a number of
special fields with known molecular clouds were specifi-
cally targeted towards high Galactic reddening regions.
About 50% of our lines of sight with EB−V > 0.5 mag has
molecular hydrogen fraction larger than 0.5 while the av-
erage molecular hydrogen fraction with EB−V > 0.5 mag
in the Milky Way is only about 15%. Those lines of sight
tend to intercept only one molecular cloud with high dust
column density where the skin effect is mostly observed
(Herbig 1995). These lines of sight are therefore not di-
rectly comparable to some of the environments probed
in previous studies.
3.2.2. Dependence on PAHs
The global rank-order correlation coefficient shown
in Fig. 7 indicates a positive correlation between the
strength of the total DIB absorption field and the amount
of PAHs traced by the WISE 12µm band, similar to that
found with the amount of dust. In Fig. 10 we show the
relation between EB−V , 12µm flux and the total DIB
absorption Wall DIBs, where Wall DIBs is indicated by the
colour scale. First, we observe that the PAHs emission
is directly proportional to that of the dust, with a scat-
ter smaller than 0.3 dex. The strength of the total DIB
absorption also appears to be roughly correlated with
these two quantities. We cannot detect any vertical gra-
dient in the DIB equivalent width at fixed EB−V value.
In each EB−V bin the W values appear to be symmet-
rically distributed around the mean value. This shows
that the PAHs emission does not affect the observed val-
ues of DIB equivalent width beyond the effect already
due to dust column density. In other words, our analysis
does not allow us to disentangle the effects of dust and
PAHs on the strength of the DIB absorption.
3.2.3. Dependence on atomic and molecular hydrogen
We now investigate the dependence of DIB absorption
on the amount of hydrogen. The global rank-order cor-
relation coefficient shown in Fig. 7 indicates a positive
correlation between the strength of the total DIB ab-
sorption field and the amount of atomic hydrogen but
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Fig. 11.— Distribution of DIB absorption strength as a func-
tion of neutral hydrogen, molecular hydrogen, and dust column
densities. Top: projection on to the NHI-EB−V plane. Bottom:
projection on to the NH2 -EB−V plane. The insets show Wall DIBs
as a function of NHI (top) and NH2 (bottom) in a narrow EB−V
bin with 0.2 < EB−V < 0.4 mag shown in the grey regions. They
illustrate the dependencies between parameters. The black dashed
lines are the median of NH2 and NHI (including non-detection) as
a function of EB−V over the whole sky. At EB−V > 0.5 mag, most
of our sightlines have NH2 higher than the median value over the
sky because of the SDSS selection. Those lines of sight tend to
have lower NHI than the median over the sky.The data points with
error bars are the mean with standard errors.
a negative correlation with molecular hydrogen, traced
by CO emission. As NHI and NH2 are not independent
quantities at a fixed column density, the interpretation
of the observed trends requires additional considerations.
Various authors have attempted to quantify correlations
between DIB strength and atomic or molecular hydro-
gen. However, it appears that only a few studies (e.g.
Herbig 1993) have investigated the dependence of DIBs
on those two parameters simultaneously.
In Fig. 11 we show the relationships between the total
DIB absorption, NHI and NH2
14. Contrarily to what is
observed with PAHs, we can see that at a fixed dust red-
dening value, the column density of NHI and NH2 affects
the observed values of the total DIB equivalent width
Wall DIBs. This is illustrated in the inset of the figure
which shows the DIB strength as a function of NHI and
NH2 when selecting lines of sight with 0.2 <EB−V< 0.4
mag. We find Wall DIBs to increase with NHI but decrease
with NH2 . It is important to realize that EB−V can be
used as a proxy for the total hydrogen column density.
For example, Bohlin et al. (1978) derives that, on aver-
age, N(HI + H2)/EB−V ' 5.8× 1021 atom cm−2 mag−1,
over a broad range of column densities. Selecting lines
of sight within a narrow range of EB−V values therefore
constrains the sum of NHI and NH2 .
We now investigate, for each of our 20 DIBs, the de-
tailed relations between absorption strength, NHI and
NH2 . To do so we first select regions of the sky with
EB−V > 0.2 mag to focus on the regime where differ-
ent DIB behaviours are observed and select three DIBs
(λ4728, λ5780 and λ4885) representative of the range of
correlations with molecular hydrogen. For each of them
we show in Fig. 12 the variation of their relative equiv-
alent width as a function of both NHI and NH2 . The
left panel shows the 2D distribution. The arrows show
the directions in which the DIB absorption strength in-
creases. We can observe that DIB λ4728 increases to-
wards both higher NHI and NH2 , λ5780 increases only
with NHI, and λ4885 increases towards the lower right,
where NHI increases but NH2decreases. We note that
the sampling of the NHI-NH2 space is not homogeneous
and some care is needed to interpret details of the data
point distribution 15. To show more clearly the above
trends, for each of the three DIBs we select a narrow
NH2 bin, 10
20.5 < NH2 < 10
21 cm−2 corresponding to a
region where NHI spans a large range of value and where
the sampling is not too inhomogeneous and measure the
median DIB equivalent width as a function of NHI , as
shown in the right panel. We can see that, at fixed NH2 ,
these three DIBs all become stronger with NHI. The de-
cline of the DIB strength at the highest NHI is likely due
to the contamination of NHI from the background given
that most of lines of sight in the bin are towards the
Galactic disc with |b| < 10◦. Similarly, we select a nar-
row NHI bin, 10
21 < NHI < 2× 1021 cm−2 corresponding
14 We note that recent studies (e.g. Liszt 2014a,b) have shown
that the NHI and EB−V relation derived from emission measure-
ments and the relation based on Lyα absorption lines and redden-
ing in background stellar spectra are not fully consistent. We cau-
tion that such an effect needs to be considered when comparing the
exact values of derived parameters between DIBs and ISM column
densities from emission-based measurements and from absorption-
and reddening-based measurements. However, detailed investiga-
tions of systematics of these data sets are beyond the scope of this
paper.
15 We note that the sky sampling provided by the SDSS at high
extinction, i.e. EB−V ∼ 1 mag, originates mostly from a number
of special fields with known molecular clouds. As a result, our
sampling of high-dust extinction regions favors high NH2 values,
a selection effect which requires some care when interpreting mea-
sured correlations.
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Fig. 12.— Dependencies of absorption strength as a function of NHI and NH2 for three DIBs: λ4728, 5780 and 4885. The left panel shows
the distribution of points in the NHI , NH2 plane for regions selected with EB−V > 0.2. To guide the eye, the dashed lines are inserted
manually to separate the blue and red data points. The arrows indicate the direction of increasing DIB strength. The green and purple
bands indicate the regions at fixed NH2 and NHI used in the right panels respectively. Right : median absorption strength as a function of
NHI (at fixed NH2 ) and NH2 (at fixed NHI). The decline of the DIB strength at the highest NHI in the middle panel is likely due to the
contamination of NHI from the background given that most of lines of sight in the bin are towards the Galactic disc with |b| < 10◦.
to a region where NH2spans a large range of value and
where the sampling is not too inhomogeneous and show
the median DIB equivalent width as a function of NH2 .
The different behaviour as a function of molecular hy-
drogen is clearly seen. At a given NHI, DIB λ4728 is
positively correlated with NH2 , λ5780 is not affected by
the presence of molecules, while λ4885 gets weaker at
higher NH2 .
We now investigate the general behaviour of all of our
20 DIBs with atomic and molecular hydrogen. The pre-
vious examples, shown in Fig. 11 and Fig. 12, motivate
a formulation of the overall DIB equivalent width depen-
dence as power-law functions of NHI and NH2 :
WˆDIB = W21
(
NHI
1021 cm−2
)α (
NH2
1021 cm−2
)µ
, (4)
where W21 is a normalization denoting the relative
strength of each absorption feature (similar to W/AV ).
We estimate the three parameters of the relation,W21, α
and µ, by minimizing a global χ2:
χ2 =
∑
i
(
WDIB,i − WˆDIB(W21, α, µ)
)2
σ2W,i
, (5)
where WDIB,i is the observed equivalent width of a DIB
in a given pixel i of the sky map. Applying directly
this χ2 estimate to the entire data set is subject to sam-
pling and selection effects. Since the vast majority of
the lines of sight probe low column density values (see
Fig. 11), a straight χ2 evaluation would effectively only
have constraining power at low NHI values. In addi-
tion, our sampling of the high-end edge of the NHI–NH2
space is relatively poor. To select a more homogeneously
sampled space and reduce the effect of overestimating
NHI towards the Galactic disc, we only consider lines-
of-sight with EB−V> 0.1 mag, NHI < 1021.3 cm−2 and
WCO10 > 0 K km/s. This allows us to estimate the pa-
rameters more robustly, at the cost of losing a fraction
of the data set. We note that the values of the best-
fitting parameters α and µ are likely to be biased due to
the use of emission-based column density estimations. In
addition, the values also vary depending on the range of
Galactic reddening and hydrogen column density values
we select. However, in Appendix C we show that the rel-
ative distances between pairs of the 20 (α,µ) points do
not change appreciably with different selections. In the
following, we will only focus on their relative distances.
The results of the fitting are presented in Table 4.
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Fig. 13.— Distribution of α and µ parameters characterizing the relation between DIB equivalent width, NHI and NH2 according to the
relation indicated in the figure (equation 4). The values listed on the right show for each band the measured amplitude W21. The colours
indicate the line widths of DIBs from Hobbs et al. (2008). Narrow features, indicated with blue colours, appear to have preferentially
positive µ values, while broad DIBs with red colours have µ ∼ 0. DIBs blended with multiple lines are in grey. DIBs with µ > 0 are
favoured in environments with higher molecular gas content.
TABLE 4
Best fit parameters characterizing the relation between
DIBs and hydrogen column densities (equation 4)
λ (DIB) α (H I) µ (H2) W21
(A˚) – – (A˚)
4430 0.98± 0.06 +0.01± 0.01 0.287± 0.012
4502 1.03± 0.10 +0.03± 0.03 0.038± 0.003
4728∗ 0.95± 0.09 +0.22± 0.02 0.070± 0.003
4762 0.85± 0.12 +0.01± 0.03 0.024± 0.002
4885∗ 0.87± 0.13 −0.14± 0.03 0.111± 0.011
5448∗ 0.95± 0.09 +0.08± 0.02 0.087± 0.005
5487 0.82± 0.12 −0.06± 0.03 0.021± 0.002
5508 0.97± 0.12 +0.06± 0.04 0.022± 0.002
5540∗ 0.90± 0.11 +0.10± 0.03 0.118± 0.008
5705∗ 0.95± 0.11 +0.00± 0.03 0.028± 0.002
5778∗ 0.64± 0.11 −0.01± 0.03 0.089± 0.007
5780 1.14± 0.05 +0.01± 0.01 0.089± 0.004
5797 1.00± 0.07 +0.15± 0.02 0.058± 0.002
5845∗ 0.72± 0.21 −0.12± 0.05 0.010± 0.002
5850 1.00± 0.15 +0.20± 0.04 0.024± 0.002
6010 0.93± 0.13 −0.06± 0.02 0.020± 0.002
6204∗ 1.00± 0.08 −0.03± 0.02 0.037± 0.003
6283∗ 0.94± 0.05 −0.06± 0.01 0.177± 0.007
6379 1.15± 0.11 +0.22± 0.02 0.035± 0.002
6614 1.04± 0.06 +0.12± 0.01 0.063± 0.002
*DIBs possibly blended with multiple weak DIBs
The errors are obtained by bootstrapping the sample 200
times. Fig. 13 shows the distribution of values as a func-
tion of α and µ. The colour represents the line width
of each DIB measured by Hobbs et al. (2008) with bluer
indicating narrower profile. DIBs which are potentially
blended with multiple components are in grey colour.
We find that all of the 20 DIBs show positive correla-
tions with the amount of atomic hydrogen. The mean
DIB equivalent widths are found to scale like NαHI with
α ∼ 1. In contrast, we find a range of correlations with
molecular hydrogen: WDIB ∝ NµH2 with −0.2 . µ . 0.2.
Certain DIBs, such as λ5780, λ4430, λ4762 have µ val-
ues consistent with zero and therefore are not sensitive
to the amount of molecular hydrogen. Fig. 14 shows
the inverse variance-weighted mean of DIB equivalent
widths normalized by the dependences of atomic hydro-
gen, WDIB(HI) = W21
(
NHI
1021 cm−2
)α
, as a function of
molecular hydrogen column densities. DIBs are ordered
by their µ values from negative (top-left) to positive
(bottom-right). The figure shows that after removing
the dependences on the NHI , the mean strength of DIBs
with µ < 0 decreases with NH2 while for those with µ > 0
strengthens. We also map the relative strength of DIBs
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Fig. 15.— Estimates of DIB absorption as a function of dust reddening based on our formalism involving only (NHI,NH2 ). The red
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16 Lan, Me´nard & Zhu
with different µ values in the sky 16. The map of DIBs
with µ > 0 appears to have more weight towards molecu-
lar clouds. We note that given the lower absolute values
of µ compared to α, we expect NHI to be the main pa-
rameter characterizing DIB equivalent widths and µ to
be of secondary importance. The distribution of (α, µ)
values does not appear to be correlated with the rela-
tive strength of the DIBs, W21. We observe a tendency
for narrower DIBs to have higher µ values, which is also
shown in Welty (2014).
A number of interesting implications derive from the
observed distribution of the α and µ values:
• It is expected that if two DIBs are formed from
transitions between a single ground state and two
different vibronic levels, their measured strengths
should be perfectly correlated, with a correlation
coefficient of unity. DIBs with different values of
(α, µ) cannot correlate perfectly with each other
and are likely due to different carriers. Conversely,
DIBs for which measured values of (α, µ) are consis-
tent with each other may originate from the same
carrier or belong to a same ‘family’. Note that this
statement depends on the accuracy with which the
(α, µ) parameters can be measured. Our analysis
does not reveal any clustering of the points in the
(α, µ) plane. Our measurements suggest a contin-
uum in the properties of each of the 20 selected
bands rather than the existence of a few families.
• At a fixed value of NHI, NH2 can vary by orders
of magnitude. The H2 dependence, which exists
when µ 6= 0, explains a large fraction of the scat-
ter observed in measurements of WDIB(NHI) and
WDIB(EB−V ).
• Since dust column density is known to be roughly
proportional to the total amount of hydrogen, we
expect DIBs with high α and µ values to correlate
more strongly with dust reddening. Such a trend
is observed in our analysis. DIB λ6379, λ4728 and
λ5850 with higher α and µ also have steeper slopes
γ with EB−V among the 20 DIBs shown in Table 3.
• DIBs with different µ values will behave differ-
ently in environments with higher molecular frac-
tion. DIB line ratios W (λ1)/W (λ2) will be corre-
lated with µ(λ1) − µ(λ2). This provides us with a
generalization of the σ, ζ effect discussed in the lit-
erature (see Section 4). The distribution of points
in Fig. 13 can be used to predict that larger line
ratios are expected for pairs of DIBs with greater
∆µ, for example between DIBs λ4728 and λ4885,
when probing lines of sight with higher molecular
fractions.
• As shown in equation (4), the mean equivalent
width of a DIB can be parametrized as a function
of both NHI and NH2 . This implies that the knowl-
edge of the equivalent widths for two or more DIBs
with different (α, µ) values can be used to infer,
statistically, both NHI and NH2 along the corre-
sponding lines of sight.
16 The maps of DIBs having different correlations with molecules
can be viewed at http://www.pha.jhu.edu/~tlan/DIB_SDSS/.
• We note that the dependence between WDIB and
(NHI, NH2) can be used to predict the relation be-
tween DIB equivalent width and other ISM trac-
ers. This can be used to explore whether addi-
tional parameters are important in describing DIB
behaviours.
Here we illustrate the above point by attempting to re-
produce the trends observed between WDIB and EB−V .
To do so we use the same sampling of the sky as done in
Section 3.2.1. For each EB−V bin we estimate the me-
dian values of NHI and NH2 and estimated WDIB(EB−V )
using equation (4) and without any knowledge of EB−V .
The results are shown in Fig. 15 using red points. For
comparison, we show the direct reddening-based mea-
surements presented in Section 3.2.1 in blue. As can be
seen, our hydrogen-based formalism provides us with a
good description of all the trends given by the data – for
20 DIBs over more than an order of magnitude in EB−V .
In particular it naturally reproduces the turnover at the
high end seen for only specific DIBs, the so-called skin
effect. This shows that the anti-correlation between DIB
strength and dust in the high column density regime can
be explained by the correlation between hydrogen and
DIBs only.
To further illustrate the meaning of the (α, µ) parame-
ters we show expected DIB equivalent widths considering
only the H I dependence. To do so we fix the amount of
H2 to a low value: NH2 = 10
18 cm−2. The results are
shown with the green triangles. For about a third of the
DIBs, we see that H2 has virtually no effect on the re-
lation between W and EB−V . This is the case for DIBs
with µ ∼ 0. Similarly we can see the level at which
molecules can influence the trends seen for DIBs with
µ 6= 0.
Describing the behaviour of DIBs using only H I and
H2 allows us to describe a wide range of observed prop-
erties, i.e. relations between DIBs themselves, between
mean DIB strength and ISM tracers as well as some of
the related scatter observed in the corresponding distri-
butions. We note that equation (4) is not expected to re-
produce all observed behaviours. Additional dimensions
might be required. However our approach has shown that
a large fraction of the DIB dependencies and variances
could be simply explained by their relations to atomic
and molecular hydrogen.
4. DISCUSSION
Our analysis has allowed us to map out the strength of
20 DIBs over a large fraction of the sky and derive a sim-
ple formulation of the mean DIB equivalent width as a
function of only atomic and molecular hydrogen column
densities. So far, most DIB analyses focused on projec-
tions of the relation WDIB = f(NHI, NH2). Only a few
(Herbig 1993; Thorburn et al. 2003) considered the si-
multaneous dependence on multiple ISM tracers but were
based on small samples. As most interstellar quantities
show a positive correlation with each other, simply due to
the increase of interstellar material with distance, pair-
wise correlations between observables are often driven
by this effect. This is most clearly reflected in the cor-
relation of DIBs with extinction. A multi-dimensional
approach is required to disentangle different effects. We
now show that our results, and in particular the distribu-
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tion of (α, µ) values presented in Fig. 13 and Table 4, are
consistent with numerous observational results reported
in the literature, shed light on the origin of various cor-
relations, and can be used to predict correlations not yet
measured.
4.1. DIB families
Various authors have studied cross-correlations be-
tween the strength of different DIBs or compared their
dependences on ISM tracers to assess whether or not they
may belong to families. If not, they must arise from dif-
ferent carriers. Similarly, with our formalism, DIBs with
different values of (α, µ) cannot correlate perfectly with
each other and are likely due to different carriers.
Investigating different dependences with dust redden-
ing, Josafatsson & Snow (1987) studied six DIBs and
defined two classes: the first one consists of DIBs λ5780,
λ5797 and λ5850 and the second group contains the
broader bands λ5778 and λ5845. This is consistent with
our decomposition. DIB λ5778 and λ5845 are on the
lower left side on the figure and are expected to correlate
less with dust. The (α, µ) values of the two group are
inconsistent with each other.
Cami et al. (1997) studied 44 DIBs and identified
two families based on the degree of correlation between
bands. The first one contains DIBs λ5797, λ6379 and
λ6614 and the second one the λ4502, λ5789, λ6353 and
λ6792 DIBs. For the DIBs in common with our analy-
sis, this decomposition is consistent: the members of the
first group all live in the upper right corner of Fig.13 have
high α and high µ values. DIB λ4502 which belongs to
the second group has a lower µ value. Reported corre-
lations between additional DIBs and these two families
appear to be in agreement with our findings.
Friedman et al. (2011) investigated cross-correlations
between DIB strengths for a selection of eight bands:
they report that the two weakest pairwise correlations are
found from (λ5797, λ6283) and (λ5797, λ5487). These
two pairs correspond to the two largest distances in our
(α, µ) plane. They also report that the correlation of
DIBs λ5780 and λ5705 is high. We note that the (α, µ)
values of these two bands are consistent with each other.
As mentioned in Cox et al. (2005) the literature indi-
cates the existence of families of DIBs based on the shape
of their profile (e.g. Josafatsson & Snow 1987; Krelowski
& Walker 1987; Cami et al. 1997; Porceddu et al. 1991;
Moutou et al. 1999; Wszo lek & God lowski 2003; Galazut-
dinov et al. 2003). Members of one group have narrow
profiles with a sub-structure that is indicative of a gas-
phase molecule (Sarre et al. 1995; Ehrenfreund & Foing
1996). They are DIBs λ5797, λ5850, λ6196, λ6379 and
λ6614. We note that all of them appear clustered in the
upper right hand side of the α, µ plane. A second group,
with DIBs λ5780, λ6283 and λ6204, has absorption fea-
tures with no apparent substructure (e.g., Cami et al.
1997). We note that all these DIBs have µ ∼ 0.
4.2. Correlations with atomic hydrogen
Correlations between DIBs and the amount of atomic
hydrogen have been reported for a long time (Herbig
1993). In their analysis of eight DIBs, Friedman et
al. (2011) reported cross-correlation coefficients between
NHI and eight DIBs: λ5780, λ6204, λ6283, λ6196, λ6614,
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Fig. 16.— The ratio between the equivalent width of DIB λ5797
and DIBλ5780 as a function of molecular hydrogen column density
for lines of sight selected with 1021 < NHI < 10
21.3 cm−2.
λ5705, λ5797, and λ5487, in decreasing order of correla-
tion amplitude. This trend is consistent with our results
within the uncertainties: λ5780 & λ6204 have µ ∼ 0
while λ5797 and λ5487 have µ ∼ 0.1 and −0.05, respec-
tively. The fact that DIB λ5780 has the highest degree of
correlation with hydrogen is reflected by the fact that it
has the highest α value and µ consistent with zero. Welty
(2014) also found that DIBλ5780 tends to be weaker with
higher molecular fraction (less atomic hydrogen) which
is consistent with our results.
4.3. Molecules and the σ, ζ dichotomy
Krelowski & Westerlund (1988) found that the
λ5797/λ5780 ratio is higher towards star ζ Oph than
towards σ Sco. As molecules (e.g., CN, CH) are more
abundant towards ζ Oph (Danks et al. 1984), it was sug-
gested that clouds with higher molecular fractions cause
stronger λ5797 absorption than λ5780. This result in-
troduced the σ/ζ types of lines of sight. We can illus-
trate this effect with our measurements. In Fig. 16 we
show the measured ratio between the equivalent width
of DIBs λ5797 and λ5780, as a function of molecular hy-
drogen column density for lines of sight selected within
a narrow range of atomic hydrogen column densities:
1021 < NHI < 2 × 1021 cm−2. As clearly seen, the ra-
tio between these two lines increases with higher molec-
ular fraction or in other words when transitioning from
σ-type lines of sight to ζ-type.
Kos & Zwitter (2013) observed 19 DIBs and classified
them into two groups according to their correlations with
dust as a function of the σ/ζ type sightlines. Their clas-
sification is consistent with the results derived with our
formalism. DIBs such as λ5780, λ5705 and λ6204 hav-
ing values of µ consistent with zero behave similarly and
are classified into the same group (Type I), while DIBs
λ6614, λ5797, λ5850 and λ6379 living in the right hand
side of Fig. 13 with µ ' 0.1 − 0.2 are classified into the
other group (Type II).
In their analysis of eight DIBs, Friedman et al. (2011)
reported that DIBs λ6614 and λ5797 have the strongest
correlation coefficients with H2. This is consistent with
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the fact that, among their selected DIBs, those two have
the highest µ values.
Our findings are also consistent with the results of
Thorburn et al. (2003). These authors found DIBλ4728
correlates with molecules traced by C2. In addition,
they found no correlation between W (λ6614)/W (λ6196)
and molecules (traced by C2, CN and CH) and anti-
correlation W (λ6204)/W (λ6196). This is in agree-
ment with the fact that µ(λ6614) > µ(λ6204). Sim-
ilarly, Kre lowski et al. (1999) and Vos et al. (2011)
showed that W (λ5797)/W (λ5780) is positively cor-
related with W (CH)/EB−V . This is in line with
the fact that µ(λ5797) > µ(λ5780). Interestingly
the ratio W (λ5797)/W (λ5780) does not correlate with
W (CH+)/EB−V .
4.4. Correlations with dust
As pointed out earlier, dust reddening can be used
as a proxy for the total hydrogen column density:
N(HI + H2)/EB−V ' 5.8 × 1021 atom cm−2 mag−1
(Bohlin et al. 1978). In Fig. 15 we have already shown
that it is possible to reproduce the trends observed
between the mean DIB equivalent widths and EB−V
by considering only the amount of H I and H2 present
along the lines-of-sight. The break seen at high EB−V
values, also called the skin effect (Snow & Cohen 1974),
can be quantitatively characterized by the decrease of
H I in dense clouds, with higher molecular fraction. As
indicated in Fig. 11 some of the scatter in the relation
between WDIB and dust reddening originates from the
existence of a distribution of NHI and NH2 values along
the corresponding lines of sight.
Finally, we note that our ability to reproduce a
large range of observational results using the (α, µ)
parametrization derived in Section 3.2.3 indicates that
the statistical measurements of DIB equivalent widths
derived from the analysis of the SDSS are robust. The
existence of a relation between WDIB , NHI and NH2
explains a large fraction of the scatter observed when
considering correlations between the equivalent width of
a DIB and one ISM tracer, such as NHI, NH2 , molecular
fraction or EB−V .
5. SUMMARY
We have used about 500, 000 spectra of stars, quasars
and galaxies taken by the SDSS to map out the distribu-
tion of DIBs induced by the ISM of the Milky Way. We
have showed that, after carefully removing the intrinsic
SED of each source and taking care of spectroscopic cal-
ibration effects and spectral features due to the Earth’s
atmostphere, it is possible to detect absorption features
at the 10−3 level. This allows us to detect more than
20 DIBs from λ = 4400 to 6700 A˚ and measure their
strength as a function of position on the sky. Focusing
on a set of 20 bands, for which we can robustly charac-
terize the line properties, we have created a map of DIB
absorption covering about 5,000 deg2. This map can be
used to measure correlations with various tracers of the
ISM: atomic and molecular hydrogen, dust and PAHs.
Our findings can be summarized as follows:
• For each of the 20 selected DIBs, we have mea-
sured their mean absorption as a function of dust
reddening and found results consistent with pre-
vious studies based on individual spectra of hot
stars. For certain DIBs, we observe a break at high
EB−V value, above which the absorption strength
decreases with dust column density, the so-called
skin effect.
• As various ISM tracers are correlated with each
other, a multi-dimensional approach is required to
disentangle different effects. Investigating the de-
pendence of DIB absorption strength on atomic
and molecular hydrogen simultaneously we find
that, on average, the three quantities can be de-
scribed by
WDIB ∝ (NHI)α (NH2)µ
(see equation 4). For all DIBs we find α ∼ 1 but we
find a range of values for µ, from −0.2 to +0.2, in-
dicating that different DIBs have a different affinity
to molecules. DIBs with µ > 0 are favoured in envi-
ronments with higher molecular gas content. This
parametrization also shows that NHI is the main
parameter characterizing DIB equivalent widths.
The effect of NH2 is, in general, of secondary im-
portance but can dominate in certain regimes for
DIBs with µ values departing from zero.
• We show that the combined dependence on both
NHI and NH2 can be used to reproduce a number of
observational results. For example, one can repro-
duce the observed trends between DIB absorption
and dust reddening (including the so-called skin
effect) using only the hydrogen-based parametriza-
tion. We also note that the combined dependence
on NHI and NH2 can largely explain the scatter ob-
served in a number of correlations between DIBs
and ISM tracers.
• We estimate the (α, µ) values for the 20 DIBs and
study their distribution. DIBs with different (α, µ)
values cannot correlate perfectly with each other
and are likely due to different carriers. We show
that the inferred (α, µ) values are consistent with
numerous observational results reported in the lit-
erature and shed light on the origin of various corre-
lations: (i) the relations between DIBs themselves;
(ii) relations between DIB strength and ISM trac-
ers; (iii) the σ/ζ dichotomy, which can be gener-
alized to any pair of DIBs; (iv) and some of the
related scatter observed in the corresponding dis-
tributions. The estimated (α, µ) values can also
be used to predict correlations not yet measured.
We note that the consistency with such a broad set
of observational results demonstrates the robust-
ness of the equivalent width measurements of the
selected 20 DIBs from SDSS stellar spectra.
While the origin of DIBs is still a mystery, our ap-
proach provides us with a new view and parametrization
of numerous observational results previously reported
and a metric to characterize the affinity between DIBs.
Our parametrization of the strength of DIB absorption
as a function of atomic and molecular hydrogen column
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densities might help us shed light on the physical mech-
anisms involved with the production and destruction of
the DIB carriers.
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APPENDIX
A. SDSS SPECTRAL CALIBRATION RESIDUALS
We investigate the nature of the imperfections of the spectral calibration of SDSS, as indicated by the residuals shown
in Fig. 2. To investigate the origin(s) of such features, we compare the residuals with the absorption lines caused by
the atmosphere and the absorption features intrinsic to F stars that are used in the SDSS spectral calibration. In
Fig. A1, we show the composite residual spectra of quasars (blue) at EB−V< 0.02 mag within the whole wavelength
range covered by SDSS. In addition, we also show a composite spectrum of the SDSS sky fibers in grey (M. Hart,
private communication), i.e., fibers that were pointed to the fields where there is no detectable source in imaging, and
the composite residual spectrum of luminous red galaxies by Yan (2011, red). In addition, we show a measurement of
an atmospheric absorption spectrum (J. Gunn, private communication) in orange and an F-star composite spectrum
from our data-driven stellar model in green.
We find that, beyond around 7000 A˚, the composite residual spectra of quasars and galaxies are dominated by the
residuals of atmospheric emission lines, mostly due to OH and H2O. However, the atmospheric absorption lines,
which were not included in the calibration, also imprint absorption features in the final residuals. The residuals of sky
emission lines and absorption lines prevent us from investigating DIBs in the red end of the wavelength coverage.
At λ < 7000 A˚, we find several features with no corresponding sky emission and absorption lines. To calibrate the
flux of sources in each field, SDSS used standard F stars17, selected based on photometric colours. The green line
shows a typical F-star template normalized to unity using a running median filter. We see many of the residuals
have corresponding features in the intrinsic F-star SED. Note this F-star template is a composite spectrum of F-stars
observed in SDSS, so residuals due to atmospheric absorption lines are also evident.
These systematic residuals exist in all the SDSS spectra and extreme care must be taken while studying small spectral
features, especially in the observer frame. In our analysis, we use sources at low-extinction regions as references and
empirically remove these features.
17 http://www.sdss3.org/dr8/algorithms/spectrophotometry.php
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B. DIB-DUST CORRELATIONS WITH DIFFERENT EB−V ESTIMATION
We estimate the Galactic dust reddening of a star by comparing the observed g-r colour of the star to the colour
of its reference star and convert into EB−V by using the relation in Yuan et al. (2013). For individual lines of sight,
the noise of EB−V is dominated by the photometric error. To reduce the noise, we estimate the median EB−V for
each sky pixel and then combine it with the DIB map shown in Fig. 6. Fig. B1 shows the inverse variance-weighted
mean of DIB equivalent width as a function of the new reddening-based EB−V. The solid black lines are best-fitting
power laws (Table B1) with new EB−V measurements with 0.04 < EB−V < 0.5 mag and the dashed red lines are the
best-fitting power laws with SFD (Fig. 8).
We find that the EB−V from SFD tends to be overestimated which can be due to the contamination from background
dust or/and systematics in the SFD map (e.g. Arce & Goodman 1999). Nevertheless, the new derived correlations
between DIB absorption strength and EB−V are mostly consistent with the results based on the SFD map. In addition,
the different behaviours of DIBs at high Galactic reddening, such as the decline of λ4885 and the flatten of λ5780,
persist with the absorption-based EB−V estimation, indicating that the different behaviours of DIBs at high Galactic
reddening found in the study reflect the intrinsic correlations between DIBs and dust. It is also worth noting that the
departure of power laws in the low EB−V regions (< 0.05) due to the extragalactic contamination in Fig. 7 has largely
reduced by using the reddening based EB−V .
We note that the decline of some DIBs at high reddening becomes weaker with reddening based EB−V due to the
effects on the EB−V from SFD mentioned above. However, in Fig. B2, we present the individual measurements of three
DIBs with different trends and show that given a EB−V , the equivalent width of DIBs correlates with the hydrogen
content along the lines of sight. The colour indicates the H2 column densities along the lines of sight. For DIBλ4885
and DIBλ5780, the decline and flatten at high EB−V are driven by lines of sight with high H2 column densities.
Such trends are found with both SFD and reddening based EB−V , indicating that the skin effect is observed. On the
other hand, using the reddening based EB−V , the equivalent width of DIBλ4728 can be described by the best-fitting
power law from low EB−V to highest EB−V without noticeable deviation. The behaviours of DIBs at high EB−V
can be explained by the correlations between DIBs and hydrogen shown in Fig. 13: DIBλ4885 is anti-correlated with
molecular hydrogen, DIBλ5780 has no correlation with molecular hydrogen, and DIBλ4728 has a positive correlation
with molecular hydrogen.
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Fig. B1.— Equivalent width measurements of 20 DIBs as a function of EB−V based on reddening estimation. The blue data points show
the inverse variance-weighted mean of DIB equivalent widths. The solid black lines are best-fitting power laws derived with reddening-based
EB−V from 0.04 to 0.5 and the dashed black lines are extrapolation towards high and low EB−V. The dashed red lines are the best-fitting
power laws derived with SFD EB−V . The two EB−V estimations yield consistent DIB-dust correlations.
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TABLE B1
Best-fit parameters characterizing the relationships between DIBs and reddening-based EB−V (equation 3)
λ A γ W/AV
[A˚] [A˚/mag]
4430 1.06± 0.06 0.82± 0.03 0.42
4502 0.10± 0.01 0.65± 0.05 0.05
4728∗ 0.21± 0.02 1.01± 0.04 0.07
4762 0.07± 0.01 0.68± 0.05 0.03
4885∗ 0.61± 0.06 0.72± 0.05 0.27
5448∗ 0.32± 0.03 0.95± 0.04 0.11
5487 0.06± 0.01 0.60± 0.05 0.03
5508 0.07± 0.01 0.83± 0.06 0.03
5540∗ 0.29± 0.03 0.73± 0.04 0.13
5705∗ 0.16± 0.02 1.01± 0.05 0.05
5778∗ 0.29± 0.03 0.71± 0.04 0.13
5780 0.41± 0.02 0.93± 0.03 0.14
5797 0.17± 0.01 0.91± 0.03 0.06
5845∗ 0.04± 0.01 0.60± 0.09 0.02
5850 0.05± 0.01 0.79± 0.08 0.02
6010 0.07± 0.01 0.64± 0.05 0.03
6204∗ 0.15± 0.01 0.77± 0.04 0.06
6283∗ 0.84± 0.04 0.80± 0.02 0.34
6379 0.13± 0.01 1.19± 0.06 0.03
6614 0.24± 0.01 1.00± 0.03 0.08
*DIBs possibly blended with multiple weak DIBs
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Fig. B2.— Examples of individual DIB equivalent widths as a function of EB−V with H2 column densities shown in colour. The grey
data points and the black lines are the average values and the best-fitting power laws shown in Fig. 8 and Fig. B1. Top: EB−V from SFD.
Bottom: EB−V based on reddening. The trends at high EB−V are driven by lines of sight with high H2 column densities, which can be
explained by the correlations between hydrogen and DIBs shown in Fig. 13.
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C. DIB-HYDROGEN CORRELATIONS WITH DIFFERENT SELECTIONS OF THE SAMPLE
We compare the α and µ estimation (equation 4) using two selections on the data to quantify how the results vary
with the selection. The results are shown in Fig. C1. The left panel shows the result with the selection that we applied
in the main analysis. The right panel shows the result with a set of stars which are more than 2 kpc away from the
Sun. In addition, we also apply a latitude cut to avoid sky regions with high background contamination in NHI. As
can be seen, the relative positions of DIBs on the α and µ plane derived from two selections are consistent with each
other. In addition, we have repeated our analysis using DIBλ5780 as an NHI estimate and find consistent results.
Therefore, we conclude the results in the analysis are robust.
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Fig. C1.— Distributions of α and µ parameters derived from samples with two selections. Two samples are both selected with EB−V >
0.1 mag and WCO > 0.0 Kkm/s and the additional selections are shown in each panel. The left panel shows the same α and µ distribution
as shown in Fig. 12 and the right panel shows the results derived from stars which are two kpc away from the Sun and located above the
Galactic disc. The relative positions of DIBs on the α and µ plane based on two selections are consistent.
